Abstract: City sustainability is an important issue in the urbanization process. In this paper, the sustainability of 14 cities in Liaoning province in China is evaluated and predicted. The process of evaluating city sustainability is viewed as a multi-criteria decision-making problem. A simple additive weighting method is used for aggregating the normalized sustainability criteria data, built based on the three-pillar model and the associated weights. The results indicate that although the sustainability of the cities in Liaoning province is not perfect, the cities show better development momentum. For example, only two cities' (Shenyang and Dalian) average performance scores in 2010-2016 were over 0.5, but all the cities' sustainability improved in 2016 compared to 2010. We develop a stochastic simulation procedure used for predicting a city's sustainability in future years. Many prediction results were obtained, including the maximum, minimum, and average performance scores of the cities, the pairwise priority matrix representing the ratio of one city outperforming another, and the ranking of cities' sustainability with probabilities. The prediction results indicate various degrees of increase for almost all the cities' sustainability in the future, which is consistent with the judgment of better development momentum determined from the evaluation results. Moreover, the cities of Dandong, Panjin may exceed Shenyang, Dalian, and rank in the top among all the cities in future years.
Introduction
In China, about 58.52% of urban inhabitants lived in cities as of 2017 [1] . City sustainability has become an important issue in the urbanization process. Many studies have focused on city sustainability in many fields [2] [3] [4] [5] [6] [7] [8] . Evaluating the sustainable performance of cities is an important research branch of city sustainability, since it can act as a framework for better decision-making for all undertakings, such as policies, plans, and programs, as well as physical undertakings [9] .
For sustainability evaluation, the selection of sustainable criteria is a key factor influencing the sustainability performance of cities. In applications, the three-pole or three-pillar model, either explicitly or tacitly brings together the environment, economy, and society subsystems [10] , and is a widely used framework given its simplicity and easy understanding. The three-pillar model is applied to cities, which are usually a complex organism with three key subsystems: society, economy, and environment. Sustainable development of cities is supposed to be the harmonious and all-round development of these three subsystems, among which environmental sustainability serves as the basis, economic sustainability the guarantee, and social sustainability the ultimate goal [11] . Zinatizadeh et al. evaluated the sustainability of Kermanshah in Iran from the aspects of economic growth, society and welfare, and environmental protection using the improved full permutation polygon synthetic (PROSA) [40] , ELECTRE [41] , or the Dominance-Based Rough Set Approach (DRSA) [42] . In addition to sustainability evaluation, the prediction of city sustainability in the future is important, to provide more information, such as the trend in sustainability for long-term plans and management.
However, predicting sustainability is challenging, as various dynamics and uncertainty exist in the future development of city sustainability. In this case, the stochastic simulation method is an important approach since it can be used for obtaining a statistical prediction result through large-scale and sufficient samplings of the uncertain environment. For example, Han et al. simulated future land use scenarios of Beijing from 2010 to 2020 [43] . Cannavo et al. estimated the effect of large quantities of organic matter on the soil hydrodynamic properties of reconstituted urban soil during a 10-year period by simulating the daily soil water content and water drainage in the soil profile [44] . Tian et al. used the Monte Carlo stochastic method to forecast the financial sustainability of a basic pension based on predictions for the population of China, and found that the imbalance in basic pension will occur in 2026 [45] . Many other methods have been developed for sustainability prediction. For example, Zinatizadeh et al. used simple linear regression and three-time series data (1996, 2006, and 2016) to predict the synthetic sustainability of Kermanshah in 2026 [12] . Masduqi et al. predicted the sustainability of rural water supply systems in Indonesia using the structural equation modeling method [46] . In this paper, we predict city sustainable development using the Monte Carlo stochastic simulation method. Notably, this study is only a preliminary work, as in the prediction, the assumption is that of a linear progression of city sustainability, which is the continuation of a trend line. With the linear assumption, we primarily monitored the future development of city sustainability by maintaining current development trends. However, in real-world practice, the limitation of the linear assumption is obvious, as the development of any system (including cities) is fraught with uncertainty and change. For example, we know city sustainability may also behave in a non-linear fashion, subject to exponential growth, or tipping points giving way to collapse, or oscillation, depending on the underlying dynamics. These problems will be considered in future work.
A city pursuing all-round development, especially of the economic, social, and environmental subsystems, can be viewed as pursuing sustainable development. The old industrial cities in Northeastern China are continuing to decline in terms of their all-round development compared with other cities in China. The Communist Party of China (CPC) Central Committee and the State Council jointly launched an important policy document entitled "Certain Opinions Regarding the Comprehensive Revival of Old Industrial Bases Including the Northeast" in 2016 [14, 47] , pointing out the necessity of sustainable development of cities in Northeastern China. Liaoning is a key region in Northeastern China, which has jurisdiction over 14 prefecture-level cities. In this paper, we focus on the sustainable development of the cities in Liaoning province, aiming at providing technology and policy reference for promoting the sustainability of the cities. We developed our research from two aspects: sustainability evaluation and prediction. The evaluation was performed by considering the sustainable performance of cities in 2011-2016. The evaluation results help us to understand the sustainable development level and dynamic state of the cities more clearly. We predict the sustainable development of the 14 prefecture-level cities in the future years. As mentioned above, various prediction results are provided as a reference for long-term plans and management.
The rest of the paper is organized as follows. Section 2 introduces the study area, the evaluation methods, and the prediction procedures in more detail. Section 3 provides some evaluation and prediction results. In Section 4, conclusions, discussion, and future works are outlined.
Materials and Methods

Study Area
Liaoning province is a coastal province that lies between longitudes 118 • 53 E and 125 • 46 N, and between latitudes 38 • 43 N and 43 • 26 E, located in Northeastern China. Its total area is 148,400 km 2 . Liaoning had 43,689,000 inhabitants in 2017. In 2016, the population growth rate was 1.0%. The gross regional domestic product was 23,942,000 million yuan in 2017, which is 4.2% higher than that in 2016.
Liaoning is across the river from North Korea and faces Japan and South Korea across the sea. It is a showcase of Northeastern China's opening up and Eastern Inner Mongolia autonomous region in China. There are 14 prefecture-level cities located in Liaoning province, with two sub-provincial cities: Shenyang and Dalian. The provincial capital is Shenyang. The locations of the cities are shown in Figure 1 , and the brief profiles of these 14 cities are shown in Table 1 . 
Index System
City sustainability is supposed to be the harmonious and all-round development of the three city subsystems: economy, society, and environment. Economic sustainability serves as the guarantee, environmental sustainability as the basis, and social sustainability as the ultimate goal [11] . An appropriate index system is necessary for city sustainability evaluation, which may directly influence the evaluation results. In this study, a total of 21 criteria were selected to construct the index system by the combined consideration of the three subsystems with the conditions of the cities in Liaoning province and the references in the literature [11, 14, 15, 48] . The specific index system is shown in Table 2 . 
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Economic sustainability should not only consider the quantity of economic growth, but also the quality of economic development. We should also pay attention to the industrial structure because the revival of the old industrial bases, including the cities in Liaoning province, stresses the optimization of the economic structure. As one of the important indexes of economic sustainability, C 1 can directly reflect the development level of the economy of an individual city; C 2 shows the development of the service industry and the industrial structure; C 3 reveals the economic efficiency of industrial enterprises; C 4 reflects people's consumption level and purchasing power of social commodities [11] ; Sustainability 2018, 10, 3771 5 of 15 C 5 and C 6 were selected to reflect the level of economic openness of an individual city; and C 7 was chosen to reflect the capability of enlarging reproduction and readjusting the economic structure. Table 2 . Index system used for evaluating cities' sustainability in Liaoning province.
Subsystem
Criterion ( With respect to social sustainability, it is important to increase the population of cities, improve the quality of human life, raise the level of human health, guarantee people's equality, job opportunities, old age life, among others. For the indexes of the social subsystem, C 8 represents the trend and speed of natural population growth within an urban region; C 9 indicates the state of employment and social stability; C 10 reflects the urban-rural gap, which was selected as bridging the gap has been a historic task in China; C 11 directly represents the quality of human life; C 12 and C 13 show the current situation of people's health care and social insurance, respectively; and C 14 shows the degree of traffic, which ensures communication and transportation of social and economic activities [11] .
On the environmental sustainability level, more attention should be paid to environmental protection and the control of resource waste and environmental pollution, since many environmental problems have been caused by the rapid development of the economy. Pursuing harmonious development between economy and environment is a basic policy that requires long-term adherence by the Chinese government. In Table 2 , C 15 shows the funding used for environmental protection; C 16 indicates the situation of green cover within a city region; C 17 , C 18 , and C 19 reveal the discharge level of water and two types of air pollutants caused by industrial development, respectively; C 20 shows the status of solid waste disposal; and C 21 reflects the action of land greening, which is one of the main methods used to expand forest resources, improve ecological environment, and increase carbon sequestration.
Study Methods
Research Framework
The primary purpose of the paper was to first evaluate the sustainability of the cities in Liaoning province to understand the development level and dynamic state of the cities' sustainability in the years 2011 to 2016 more clearly. Then, we developed the sustainability prediction by combining the dynamic performance in the previous year with the Monte Carlo stochastic simulation method. To achieve this, the following framework is proposed, as shown in Figure 2 , where the key methods are described in the following subsections.
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Evaluation Methods
Without loss of generality, let [49, 50] . In order to improve the comparability of the evaluation scores in different years and facilitate the comparative analysis of the prediction results, we extended the mean range normalization to a dynamic situation using the following equations:
C is a benefit criterion and
where
is the normalized valued of the
is the maximum value on criterion j C across different years, and
is the minimum criterion value.
We used the simple additive weighting method to aggregate the normalized criteria values and the associated weights. Let Figure 2 . The research framework of the investigation into city sustainability.
Without loss of generality, let
denote the actual performance value of the alternative O i on criterion C j in the year t k . Before completing the evaluation, we needed to first transform the criteria values into a uniform scale. Many normalization methods have been developed [49, 50] . In order to improve the comparability of the evaluation scores in different years and facilitate the comparative analysis of the prediction results, we extended the mean range normalization to a dynamic situation using the following equations:
, if C j is a benefit criterion and (1)
· · · , x nj (t k )} is the maximum value on criterion C j across different years, and
We used the simple additive weighting method to aggregate the normalized criteria values and the associated weights. Let y i (t k ) represent the sustainability evaluation score of the alternative O i in the year t k . Then,
where w j is the weight associated with criterion C j , such that w j ∈ (0, 1) and ∑ m j=1 w j = 1. In order to monitor cities' sustainable development over consecutive years, including the prediction years, we needed to improve the comparability of the evaluation scores in different years. In this case, the criteria weights should be consistent in different years to guarantee the final evaluation score is a representation of the comprehensive sustainability measurement with respect to various measurement criteria. Therefore, we selected the equal weighting method, since it assigns all the criteria the same weights, such that w j = 1/m.
Stochastic Prediction
This study of city sustainability prediction is a continuation of the evaluation provided above, since we assumed that the trend in sustainable development of different criteria would be similar to the previous years. In this case, we wanted to monitor the cities' future development by maintaining current development trends. For a certain alternative O i , we estimated its possible performance interval with respect to criterion C j based on the dynamic change in the associated criterion values in the previous years.
Taking year t 1 as the base, we calculated the growth rate of the performance value of the alternative (city) O i of criterion C j in the following years, as follows:
where ∆ ij (t k ) ∈ (−∞, +∞) is the growth rate of year t k compared to t 1 . Based on the criterion value in year t l and the maximum/minimum growth rate across different years, we calculated the possible performance interval of the alternative (city) O i of the criterion C j in the future years, as:
With the interval criteria values, we used the Monte Carlo stochastic simulation technique to predict the cities' sustainability, including their possible development space and the ranking of the cities' sustainability with probability. The stochastic simulation process is summarized as follows.
Step 1: Set variables. Set a variable N with an initial value of zero representing the total number of times the simulation will be run. Define
with initial values zero used for storing the maximum, the minimum, and the sum of the sustainability prediction scores of alternative O i , respectively. Let the n × n dimensional matrix S = (s ij ) n×n represent the pairwise priority matrix of cities' sustainability that also has the initial elements set to zero. In addition, set another n × n dimensional matrix S = (s ij ) n×n with its initial elements set to zero that is used for the temporary storage of the values of the pairwise priority matrix in each iteration of the simulation.
Step 2: Extract random data and the normalization. Randomly extract the data from the interval criteria values x ij . Then, normalize these random data, denoted as a ij , based on the normalized values of the previous years. Motivated by the interpolation method [51] , we propose the following method:
, if C j is a benefit criterion,
, if C j is a cos t criterion,
where r ij ∈ (−∞, +∞) is the normalized value of the random criterion value a ij .
Step 3: Calculate the sustainability score. Integrate the normalized random criterion value r ij using Equation ( /N. Moreover, using the pairwise priority matrix S, we obtained the ranking of alternatives (cities). Use the variable h i to count the number of O i that are superior to all the other alternatives, such that,
where count(·) is a counting function, indicating the number of cities satisfying the condition "·".
For any two alternatives (cities)
where " " represents "outperform", and "∼" indicates "a draw" [52] .
Results
Evaluation Results
We collected the data for the criteria listed in Table 2 from the Liaoning Province Statistical Yearbook (2011-2017). We normalized the criteria values using Equations (1) and (2), and then aggregated the normalized values using Equation (3) to obtain the final sustainability evaluation scores of the 14 cities in 2010-2016, as shown in Table 3 . Figure 3 more clearly shows the change in the sustainability scores of the cities in different years. * Growth rate represents the average annual growth rate of the sustainability score, which was calculated by (y i (t l ) − y i (t 1 ))/y i (t 1 )/(m − 1); ** Average score is the mean of the evaluation scores in the year 2010-2016; *** Average ranking is the ranking of the cities by the average scores.
From Table 3 and Figure 3 , (1) the sustainability of Shenyang and Dalian is comparatively higher, whereas the sustainability of Fuxin was the worst. (2) The sustainability of the 14 cities shows various degrees of increase in 2016 compared with 2010. The sustainability of Dandong, Liaoyang, and Panjin had the largest average annual growth rates of 2.34%, 2.56%, and 2.62%, respectively. (3) However, the sustainability of the 14 cities in Liaoning provinces is not perfect. Only two cities' average sustainability scores were over 0.5 (accounting for 14.3%), which are Shenyang at 0.554, and Dalian at 0.559. (4) The sustainability levels of the cities, except for Shenyang and Dalian, were at the same level. However, the sustainability of most of the cities located in West Liaoning showed a higher growth rate.
had the largest average annual growth rates of 2.34%, 2.56%, and 2.62%, respectively. (3) However, the sustainability of the 14 cities in Liaoning provinces is not perfect. Only two cities' average sustainability scores were over 0.5 (accounting for 14.3%), which are Shenyang at 0.554, and Dalian at 0.559. (4) The sustainability levels of the cities, except for Shenyang and Dalian, were at the same level. However, the sustainability of most of the cities located in West Liaoning showed a higher growth rate. The sustainability scores of the 14 cities with respect to the economic, social, and environmental subsystems are shown in Figure 4 . The sustainability of the cities, except for Dalian, in terms of the economic subsystem was the lowest compared to the other two subsystems. The reasons for this are manifold. One main reason is that most cities in Liaoning province are facing severe industrial transformation and upgrading problems under a background of global heavy industry depression. As the population structure of Liaoning province deteriorates, the number of young people drops sharply, and the number of retirees increases rapidly. As a result, most government spending is used to plug pension holes, leaving little room to support new industry. The social sustainability levels of Shenyang, Dalian, Panjin, and Liaoyang were comparatively higher. By observing the actual performance values of the social criteria, these cities performed better in resident income, employment security, and health service. For environmental sustainability, Tieling, Chaoyang, and Huludao show higher levels. The main reason is that these cities are tourist cities with less emission of industrial waste water, industrial smoke and dust, etc. The sustainability scores of the 14 cities with respect to the economic, social, and environmental subsystems are shown in Figure 4 . The sustainability of the cities, except for Dalian, in terms of the economic subsystem was the lowest compared to the other two subsystems. The reasons for this are manifold. One main reason is that most cities in Liaoning province are facing severe industrial transformation and upgrading problems under a background of global heavy industry depression. As the population structure of Liaoning province deteriorates, the number of young people drops sharply, and the number of retirees increases rapidly. As a result, most government spending is used to plug pension holes, leaving little room to support new industry. The social sustainability levels of Shenyang, Dalian, Panjin, and Liaoyang were comparatively higher. By observing the actual performance values of the social criteria, these cities performed better in resident income, employment security, and health service. For environmental sustainability, Tieling, Chaoyang, and Huludao show higher levels. The main reason is that these cities are tourist cities with less emission of industrial waste water, industrial smoke and dust, etc. 
Prediction Results
Using Equations (4) and (5), we calculated the interval criteria values of the 14 cities for the 21 criteria. Then, we completed the prediction by following the stochastic simulation steps provided above. Figure 5 shows the cities' sustainability prediction scores including the possible maximum 
Using Equations (4) and (5), we calculated the interval criteria values of the 14 cities for the 21 criteria. Then, we completed the prediction by following the stochastic simulation steps provided above. Figure 5 shows the cities' sustainability prediction scores including the possible maximum score, the possible minimum score, and the average score. In addition, the prediction scores were compared with the 2016 evaluation scores. The sustainable development of the 14 cities was compared with that in 2016. The comparison was completed by calculating the degree of increase of the sustainability scores in future years compared with that in 2016. The results are shown in Table 4 . Combined with Figure 5 , except for the minimum prediction score for Panjin, all the prediction scores showed various degrees of improvement. This indicates that the sustainability of these cities will improve, more or less, in the future years. For Panjin, we counted the number of the prediction scores larger than the evaluation scores in 2016, and found that in future, it has a probability of 87.15% of outperforming its sustainability performance in 2016. The sustainable development of the 14 cities was compared with that in 2016. The comparison was completed by calculating the degree of increase of the sustainability scores in future years compared with that in 2016. The results are shown in Table 4 . Combined with Figure 5 , except for the minimum prediction score for Panjin, all the prediction scores showed various degrees of improvement. This indicates that the sustainability of these cities will improve, more or less, in the future years. For Panjin, we counted the number of the prediction scores larger than the evaluation scores in 2016, and found that in future, it has a probability of 87.15% of outperforming its sustainability performance in 2016. In terms of the fluctuation range (the maximum prediction score minus the minimum) of cities' sustainability, the ranking of cities from top to bottom is Panjin, Yingkou, Dandong, Shenyang, Fuxin, Dalian, Chaoyang, Jinzhou, Anshan, Tieling, Benxi, Liaoyang, Huludao, and Fushun. The sustainability of Panjin had the largest fluctuation range, whereas Fushun and Huludao had fairly tight fluctuation ranges. Larger ranges mean the city's sustainability may reach a much higher level in future years under positive guidance and management. We should also be more vigilant against a far sharper decline in the city's sustainability for those with larger ranges.
The pairwise priority matrix of the cities' sustainability was calculated by following the simulation steps as follows. 
The values in the matrix S indicate the probability of one city outperforming another with respect to the sustainable development in future years. Using Equation (8), we calculated the number of one city outperforming another, as shown in Table 5 . Chaoyang. The values above the symbol " " represent the probability of one city outperforming another. For example, Dandong outperforms Panjin with a probability of 68.80%. Conversely, it means that Panjin may also outperform Dandong with a probability of 31.20%. This type of ranking is more consistent with the characteristics of future uncertainty in prediction.
From the ranking, the sustainability of Dandong and Panjin may exceed that of Shenyang and Dalian, and may rank toward the top of Liaoning province in future. The reason is that the two cities show comparatively better sustainability, such as the maximum evaluation score in 2010-2016 (over 0.5, Figure 3) , the larger growth rate (Table 3) , and the larger development space (fluctuation range) (Figure 4 ).
Discussion, Conclusions, and Future Work
In this paper, we evaluated the sustainability of 14 cities in Liaoning province, China. We considered 21 sustainability criteria from the economic, social, and environmental subsystems based on the three-pillar model. After collected data were transformed into a dimensionless scale between 0 and 1, a simple additive weighting method was used to obtain the evaluation scores, where equal weights were adopted to improve the comparability of the evaluation and prediction scores of the cities in different years. The sustainability performance of the 14 cities in future years was predicted using Monte Carlo stochastic simulation. In this process, we developed a normalization method used for scaling prediction data based on the interpolation method. The primary prediction results included the maximum, minimum, and average sustainability score of the cities, and the priority rate between any two cities.
The evaluation results showed that the sustainability of the 14 cities in Liaoning is not perfect, since only two cities' average sustainability scores (accounting for 14.3%) were over 0.5 in 2010-2016. However, the sustainability of the 14 cities improved, more or less, in 2016 compared to 2010. This indicates the sustainability has better development momentum. This conclusion is consistent with the prediction results, where various degrees of increase were predicted in the sustainability of almost all the cities. Additionally, we found that the cities of Dandong and Panjin may rank near the top among the 14 cities in future years. As one of the important contributions of this research, multiple prediction results could provide more information for planners and policy analysts to improve the sustainability of the cities in Liaoning province. Moreover, the prediction results could provide a useful reference for city investment vehicles.
The methods, especially the stochastic simulation approach, developed in this research can provide guidance for decision makers in the following areas: (1) sustainability evaluation or prediction at various levels, such as city, urban, community, region, country, and others; (2) alternatives comparison over consecutive periods, where the dynamic mean range method and the extended interpolation technique can be used to reflect the dynamic and coherent change of criteria; and (3) uncertain multi-criteria decision-making problems and prediction questions, where multiple types of possible results are more suitable for uncertain and complicated environments.
As future work, we plan to use these methods to investigate the sustainability of other regions, especially the sustainable development of provincial-level regions in China. Additionally, we plan to develop a real-time system to monitor city sustainability, where the evaluation and prediction results will be presented dynamically in real time. In order to improve the scientific level of the sustainability investigation, expert judgment may be considered in future research. In this case, the credibility of experts, the quality of judgments, and the processing of fuzzy or uncertain information may be the key problems. The study of the interaction among multiple criteria and the determination of the criteria weights may also be a topic of interest.
